Purpose: Dynamic exercise results in increased systolic blood pressure (BP). Irrespective of resting BP, some individuals may experience exaggerated rise in systolic BP with exercise, which in adulthood is associated with risk of hypertension, and cardiovascular (CV) disease. It is unknown if exercise BP is associated with markers of CV structure during adolescence. We examined this question in a large adolescent cohort taking account of the possible confounding effect of body composition and BP status. Methods: 4036 adolescents (mean age 17.8 ± 0.4 years, 45% male), part of a UK population-based birth cohort study completed a sub-maximal step-test with BP immediately post-exercise. Sub-samples underwent comprehensive echocardiography for assessment of cardiac structure; arterial structure including aortic pulse wave velocity (PWV) and carotid intima-media thickness; and assessment of body composition by dual-energy X-ray absorptiometry (DXA). 
Introduction
Dynamic incremental exercise increases the metabolic needs of active musculature, resulting in a normal stepwise elevation to systolic BP with increasing exercise intensity. In adulthood, excessive elevation in systolic BP with acute exercise, 'exaggerated exercise blood pressure (EEBP)' is associated with heightened levels of cardiovascular disease (CVD) risk, independent of resting BP. Clinical studies indicate that an EEBP response to submaximal exercise testing predicts incident CVD [1] , hypertension [2] , and reveals underlying high BP otherwise undetectable via traditional (resting) screening methods [3, 4] . Moreover, in adults EEBP is associated with markers of sub-clinical CVD, including raised left-ventricular (LV) mass, altered cardiac function/mechanics and increased arterial stiffness [5] [6] [7] . Whilst these data demonstrate the potential clinical importance of EEBP as an established CVD risk marker in adulthood, little is known about exercise BP and whether it is associated with cardiovascular structure during earlier life or adolescence. Indeed, associations between exercise BP and cardiovascular structure in adolescence, whether physiological or pathological in nature, may provide some insight into potential for future CVD. The aim of this study was to determine if submaximal exercise BP was associated with measures of cardiac and arterial structure in a crosssectional analysis of males and females drawn from a large UK population-based cohort of adolescents. Since body composition explains a large amount of the variance in adolescent cardiac structure, we also sought to examine the potential influence of body composition (total fat and lean body mass) assessed by dual-energy X-ray absorptiometry (DEXA) on associations between exercise BP and cardiovascular structure.
Methods

Participants
Data were from the Avon Longitudinal Study of Parents and Children (ALSPAC), a large ongoing UK prospective birth cohort study. Details of the ALSPAC design, cohort and timing of examinations have been previously reported [8] . The total sample size for analyses using any data collected after the age of seven is 15,247 pregnancies, resulting in 15,458 fetuses. Of this total sample, 14,775 were live births and 14,701 were alive at 1 year of age. Please note that the study website (http://www.bris.ac.uk/alspac/ researchers/data-access/data-dictionary) contains details of all the data that is available through a fully searchable data dictionary. For this cross-sectional analysis, eligible participants included 4036 individuals (45% male) who completed a sub-maximal exercise step test with BP measurement immediately post-exercise at the ALSPAC 17-year follow-up (mean participant age 17.8 ± 0.4 years). This was the only wave of ALSPAC in which a sub-sample of individuals also had detailed cardiovascular assessments including cardiac echocardiography (n = 2102), carotid-femoral (aortic) pulse wave velocity (PWV) measurements (n = 3582), and carotid intima-media thickness (IMT) measures (n = 3746). Individuals with a known history of CV disease (n = 31), type one diabetes using insulin therapy (n = 14) or who were pregnant (n = 8) were excluded from this analysis. Ethical clearance was granted by the ALSPAC Law and Ethics Committee and the Local Research Ethics Committee and all participants provided written and informed consent.
Exercise test and blood pressure measurement
Participants undertook a modified Tecumseh Step Test. This submaximal exercise test involved stepping onto and off a step (a standardized 20 cm high) using both feet for 3 min at a fixed cadence of 23 steps per minute. A metronome was used to set the tempo of steps. The test was terminated upon completion or on request of the participant. Heart rate was recorded immediately prior to the exercise test, immediately post the exercise test and at 3 min in recovery from the exercise test. A crude estimate of intensity of effort achieved during the test was calculated as post-exercise heart rate as a percentage of theoretical maximum heart rate (220-age). A validated Omron 705 IT (Omron Electronic Components Europe BV) BP monitor [9] , with appropriate sized cuff was used to measure systolic and diastolic BP and heart rate. A single BP was recorded immediately prior to the test with the participant standing, arm relaxed at side (pre-exercise BP). The participant then continued to wear the BP cuff during the step-test with a further single BP measure recorded immediately upon test cessation (within the first 30 s; post-exercise BP), and again following a 3-minute recovery period (recovery-exercise BP). Mean arterial pressure (MAP) was derived from the formula ((0.33 * (systolic BP − diastolic BP)) + diastolic BP). Rate-pressure product (RPP) was calculated as the product of systolic BP and pulse rate at the time of post-exercise measurements. Office BP (resting) was also recorded as the average of the final 2 of 3 seated measures using the same device [10] , at a time separate from the exercise test, but on the same day. Office BP was classified as raised on the basis of pediatric hypertension thresholds as systolic and/or diastolic BP ≥95th percentile cut-points for gender and height at age 17 [11] , and alternatively on the basis of the adult hypertension threshold as systolic and/or diastolic BP ≥140/90 mm Hg [10] .
Cardiac structure
Echocardiography was performed using HDI 5000 (Phillips Healthcare, North Andover, Massachusetts, USA) ultrasound with integrated P4-2 phased array ultrasound transducer. All cardiac structural measurements (each taken at end-diastole) and analyses were made according to American Society of Echocardiography (ASE) guidelines [12] . Two trained cardiac sonographers measured and analyzed all variables. In a subsample (n = 30), intra-class correlation coefficients (ICC) calculated for observations within (ICC range 0.83-0.93) and between (ICC range 0.85-0.92) sonographers were considered excellent. LV geometry was defined on the basis of cut-offs of LV mass index and relative wall thickness (RWT) provided by Lang et al. [12] 
Vascular structure
A measure of regional artery stiffness was calculated by ECG-gated carotid-femoral (aortic) pulse wave velocity (PWV) using the Vicorder device (Version 5.1; Skidmore Medical Ltd) and following consensus guidelines [13] . Assessment of carotid intimamedia thickness (cIMT) was undertaken on the right and left common carotid arteries via high-resolution B ultrasound, imaged longitudinally 1-2 cm proximal to the carotid bifurcation. Off-line quantitative analysis was undertaken by several independent technicians using a semi-automatic analysis program (Vascular Research Tools 5, Medical Imaging Applications, LLC 2008). Left and right measurements were averaged and reported at end-diastole.
Body composition and blood biochemistry
Height was measured unshod to nearest 0.1 cm using a Harpenden Stadiometer and weight was measured in light clothing to the nearest 0.1kg using a Tanita TBF 305 scales. Body mass index was calculated as weight (in kg)/height (in meters) 2 . Estimates of total fat and lean body mass were made by DEXA scanner (Lunar Prodigy DXA scanner; GE Medical Systems, Madison, WI, USA). Blood draw following overnight fasting or a minimum of 6 h for afternoon/evening appointments, and biochemistry analysis of glucose and cholesterol including triglycerides, HDL, and LDL (not directly measured but calculated from total, HDL and triglycerides) cholesterol was undertaken following locally established procedures.
Statistical analysis
All analyses were conducted using IBM SPSS statistics (version 22) . Continuous data are summarized as mean (SD), categorical data as n (%). Sex differences in continuous variables were assessed by t-tests, and categorical variables by chi-square analyses. Multivariable linear regression models were constructed using CVD structural measures with known prognostic value in adults as outcomes (i.e. LV mass, RWT, PWV, cIMT) and exercise test BPs (pre-exercise, post-exercise and recovery-exercise systolic BP) as the primary independent variables in each model. Results were presented as β coefficients (95% confidence interval) per 5 mm Hg increases in systolic BP. Sex-combined models were constructed for each outcome, unless there was a significant sex*post-exercise or sex*recovery-exercise systolic BP interaction in associations with the outcome of interest, in which case sex specific models were constructed. Multiple imputation (using the iterative MCMC method, 10 iterations, pooling average of 5 imputed data-sets) was also performed to account for missing data in multivariable models. As the extent of missing data was minimal (b10% for each variable of interest), and since this didn't substantially alter associations, only the results of the complete-case analyses have been presented. Normality of all variables was examined through visualization of distributions and Q-Q distribution plots. Assumptions for linear regression were assessed by inspection of residuals and a tolerance level b 0.10 was interpreted as indicating collinearity.
Results
Participant characteristics
Male participants had lower total cholesterol, HDL and LDL cholesterol, but higher fasting glucose levels compared to females. There were few smokers in the cohort and there appeared to be little difference between males and females. b1% of the study population had self-reported physician diagnosed hypertension, although raised office BP occurred more commonly in males compared to females, irrespective of adolescent or adult hypertension definition (Table 1a) . Whilst on average female participants were shorter and weighed less than male counterparts, BMI and DEXA measured total body fat mass and body fat percentage were greater. Males had greater total body lean mass than females (Table 1b) .
Exercise test parameters
Males had greater systolic BP, with heart rate measures at preexercise, post-exercise and in recovery-exercise compared with female participants. Diastolic BP did not differ by sex at pre-exercise or in recovery, but was lower post-exercise in males. MAP was marginally higher in males' pre-exercise, post-exercise and in recovery-exercise compared to females. Post-exercise RPP was lower in males compared with females (Table 1c ). 94% of participants had an increase in systolic BP (≥1 mm Hg) from pre-exercise to post-exercise, with the mean change being higher for females when compared to males (24 ± 13 mm Hg vs.18 ± 13 mm Hg, p b 0.001). Females appeared to achieve a higher percentage of maximum heart rate compared to males. Postexercise systolic BP was associated with both total fat and lean body mass (r = 0.193 and 0.176), and height, weight and BMI (r = 0.114, 0.296 and 0.271) in sex-pooled analysis.
Cardiovascular structure and exercise test systolic BP
Males had higher values for all cardiac structural variables, as well as greater aortic PWV and carotid IMT compared to females, although effect sizes were only small to moderate (Supplementary Table 1 Fig. 1b) . Whilst majority of participants had normal LV geometry, 1.9% (n = 40) had indication of concentric hypertrophy and 8.0% (n = 167) eccentric hypertrophy. Pre-exercise, post-exercise and recovery-exercise systolic BP were all higher in those with concentric and eccentric hypertrophy compared to those with normal LV geometry (Fig. 1 ). There were however no differences in the change in systolic BP (delta) from preexercise to post-exercise between any of the four remodeling categories, nor percentage of heart rate maximum achieved during the exercise step test. Those with eccentric hypertrophy had greater total body lean mass compared to those with normal LV geometry (48.7, 95% CI 47.2-50.4 vs. 45.3, 44.8-45.8 kg), similar total body fat mass to those with concentric hypertrophy, but greater than those with normal LV geometry (26.4, 24.7-28.0 and 26.0, 22.5-29.4 vs. 17.4, 16.9-17.9 kg respectively).
Exercise test BP and associations with cardiovascular structure
Since there was an absence of sex*exercise systolic BP interactions on any outcome of interest, sex-pooled multiple regression analysis was conducted. Each 5 mm Hg increase in pre-exercise, post-exercise and recovery-exercise systolic BP was associated with increases to LV mass, LVMI, LA size, RWT, aortic PWV and carotid IMT (model 1, Table  2 ). All associations remained similar with adjustment for age (model 2, Table 2 ). The addition of DEXA measured total body fat mass (model 3, Table 2 ) marginally attenuated the degree of association with all outcomes. Replacing fat mass with total body lean mass (model 4, Table 2 ) for most outcomes, attenuated the strength of associations. Model 5, Table 2 included both total body fat and lean mass, and this attenuated all associations. Including hypertension status in model 6 (irrespective of adolescent or adult definition; adult definition shown) further attenuated the strength of relationships between preexercise, post-exercise and recovery-exercise systolic BP and each outcome variable. Replacing hypertension status with clinic measured resting systolic BP (model 7) attenuated all associations. An additional model that included glucose, HDL and LDL cholesterol as additional covariates to those presented in model 6 was constructed. Regression models with delta systolic BP (change in systolic BP from pre-exercise to post-exercise) as the primary independent variable are displayed in Supplementary Table 2 , and broadly indicate no association with cardiac structure in all adjusted models.
Discussion
In this large group of adolescents, post-exercise and recoveryexercise systolic BP was associated with CV structure independent of body composition and BP status. Since in adulthood, an EEBP recorded during, or immediately post-submaximal exercise, is associated with CVD outcomes (including CVD events and mortality), these findings may have important ramifications for BP-related risk screening in adolescents, and CVD health in later life.
Recent synthesis of longitudinal data has highlighted the potential clinical value of an EEBP response to clinical exercise testing for predicting future hypertension, CVD events and mortality [1, 2] . Whilst not fully understood, mechanisms underlying the risk associated with EEBP are likely multifactorial. The principal signs of hypertensionrelated organ damage include structural adaption to the heart (increased LV mass and wall thickness) and large arteries (i.e. arteriosclerosis); these may be a consequence of pathological remodeling resulting from repeated cyclic stress on the CV system. Chronically raised arterial BP alters structural properties of the large conduit arteries [14] , and thus increases work required by the left ventricle to eject blood into the system. Average values of CV structure were within the normal range in this apparently healthy adolescent cohort, and few participants exhibited indication of concentric hypertrophy. However, in the setting of acute exercise, the requirement for elevated cardiac output, perhaps ejected into an already stiffened and less compliant arterial system would theoretically result in a greater exercise systolic BP response, and underlie the observed associations with CV structure. On the other hand systolic BP (pre-exercise, post-exercise and recovery-exercise) was also higher in those with eccentric LV hypertrophy compared to those with normal LV geometry, and thus observed associations between systolic BP and cardiac structure could be explained by physiological, rather than pathological adaptations. This is perhaps, less likely, since physiological adaptations to the left ventricle typically do not occur in the absence of a substantial endurance exercise training load [15] , and we observed no apparent differences in an index of fitness (percentage maximum heart rate achieved) in relation to delta systolic BP from pre-exercise to post-exercise across the four LV structural remodeling categories.
In selected adult populations (including apparently healthy individuals and those with prehypertension and/or diabetes), markers of CV dysfunction, including impaired endothelial vasodilator function [7] , dyslipidemia [16] , carotid atherosclerosis [17] , and insulin resistance assessed by homeostasis model of insulin resistance (HOMR-IR) [18] , have been associated with an EEBP. Data from cross-sectional studies also show EEBP to be related to end-organ damage (including raised LV mass) [5] , and sub-clinical disease markers such as large artery stiffness [16, 19] . Whilst an EEBP is relatively common in adults with established CVD risk factors or clinical conditions (e.g. those with type 2 diabetes) [20] , there is scarce information about the relationship between exercise BP and CV function in adolescents. A cross-sectional analysis from the European Youth Heart Study found that adiposity (i.e. BMI) and insulin sensitivity (HOMR-IR) were independently (of each other) associated with exercise systolic BP in children (8-to-10-year-olds) and adolescents (14-to-16-year-olds) [21] . Nonetheless, the current study is the first to identify independent relationships between submaximal exercise BP and CV structure in a large, non-selected and apparently healthy adolescent population.
Whilst EEBP in middle-to-older-age may signal existing or underlying CV abnormalities, it is well-known that CV disease originates in early life. Raised BP 'tracks' from childhood/adolescence into adulthood [22, 23] , and, elevated BP in youth is a risk factor for development of hypertension and associated CVD in adulthood. One prior study of 274 healthy children aged 6 to 15 years stratified by tertiles of BP demonstrated a stronger association between exercise systolic BP and LV mass compared to baseline resting systolic BP [24] . Grontved et al. also found that systolic BP measured during cycle ergometry in young boys and girls (mean age 9.8 years) independently (of resting BP) predicted systolic BP six-years later during adolescence [25] . The current study is consistent with these findings and adds to them by showing that associations between post-exercise systolic BP and CV structure are not fully explained by DEXA-assessed body composition (Model 6, Table 2 ). Nonetheless, associations between exercise BP and cardiac structure (LV mass in particular) were heavily attenuated (although not abolished) by inclusion of lean body mass in regression models, which is consistent with the observations of Daniels et al. [26] , who noted that up to 75% of the variance in LV mass may be explained by lean body mass in children and adolescents.
Accurate identification of abnormal BP and/or hypertension-related CVD risk in childhood/adolescence is of great importance, because it may provide an opportunity to intervene, perhaps via lifestyle modification and prevent adult hypertension and CVD events. Moreover, exercise BP may be a useful screening tool, since our recent studies have highlighted the clinical usefulness of submaximal exercise BP in adult risk prediction, because EEBP reveals the presence of underlying [4] , or 'masked' hypertension [3] (and therefore underlying CV risk) that would go unnoticed by standard (resting) screening methods. Although majority of associations between post-exercise or recovery-exercise BP and CV structural variables (excluding aortic stiffness) were not independent of resting office BP as a continuous variable, in the absence of elevated resting office BP there is no clinical indication to further assess CV risk. Hence, the value of exercise BP is that it may reveal CV risk irrespective of office BP status. Exercise BP may also prove particularly useful as a screening tool in adolescents with other markers of CV risk, such as a significant family history of hypertension or CV disease. Although follow-up of the current cohort is required to confirm future CV risk associated with adolescent post-exercise systolic BP, our results suggest that during adolescence, it is possible to identify potentially increased hypertension-related CV risk from the BP response to a submaximal exercise test, irrespective of apparently normal office BP status.
Limitations
The step-test performed in this study did not allow for physiological measures to be performed at standardized workload during exercise, and therefore the intensity of effort at which time BP was measured may have differed across the cohort. Nonetheless, based on the postexercise heart rate the intensity typically corresponded to~55% of maximum, and BP measurement always occurred within the first 30 s following the step-test. Direct measures of aerobic capacity (peak VO 2 ) were not available and it is possible that this may be related to the exercise BP response, as has been demonstrated previously [5, 27] . Further studies should aim to quantify the relationship of aerobic capacity with exercise BP and CV risk in adolescents. Although no appreciable differences in associations between post-exercise and recovery BP with CVD markers were observed between the complete case analysis and the imputed data set, the complete case analysis presented assumes data to be missing at random. Moreover, this study was crosssectional in nature and therefore causal pathways and future CV risk associated with post-exercise and recovery-exercise BP cannot be ascertained.
Conclusion
Systolic BP measured before and following a submaximal exercise test was associated with CV structure independently of body composition and hypertension status in a large cohort of adolescents. Measurement of submaximal exercise BP in youth may have utility for hypertension-related risk screening, and CV health in later life.
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